Abstract-TbMnO3 is a multiferroic material with a complex magnetic structure at low temperature, giving rise to spin ordering induced ferroelectricity. We show that this material exhibits a photo-induced transient current below the ferroelectric transition temperature. The result is interpreted in terms of a photo-induced polarization modulation generating the transient pyroelectric current detected by its associated transient voltage. The experiments demonstrate a relatively simple technique to study the ferroelectric polarization modulation in multiferroic materials..
I. INTRODUCTION
The ability to control different states of ferroelectric materials by optical means has important applications in device technology such as optically addressed ferroelectric memories [1] - [3] and optically driven mechanical actuators [4] . Among the most widely studied materials in this connection is the lead zirconate titanate (PZT). More recently, efforts have also been dedicated to develop new functional materials, often based on complex oxides [5] , [6] exploiting their intricate interplay between the charge, lattice, and spin degrees of freedom in these materials. One of the strong driving forces behind this research is the need for new types of electronic devices and for lead-free non-toxic ferroelectric devices to be used in for instance biomedical applications. This paper reports the results of a study of photo-induced ferroelectricity modulation in one of the complex oxides, namely the multiferroic material TbMnO3. The interest in this compound derives from its complex magnetic structure which in the low temperature phase is known to display a magnetically driven spontaneous ferroelectric polarization [7] . Possessing a highly distorted orthorhombic crystal structure, TbMnO3 exhibits frustrated magnetic interactions arising from the competition between ferromagnetic (FM) coupling of nearest neighbor and antiferromagnetic (AFM) coupling of next nearest neighbor manganese spins [8] . These competing magnetic interactions lead to the formation of a sinusoidal spin structure below 41K, and a spiral structure below 26K. The latter phase is the one which is responsible for the appearance of a spontaneous ferroelectric polarization.
One of the intriguing phenomena observed in normal ferroelectrics is the photo-excitation induced transient current [9] - [12] ; a phenomenon which is sensitive to the polarization state of the material [10] . Several interpretations have been proposed to understand the origin of the induced transient current, including transient pyroelectric current [9] , photovoltaic [10] , [11] , and photo-strictive [12] effects. Here we demonstrate that light irradiation can also induce a transient pyroelectric current in the ferroelectric phase of a TbMnO3 even though the static electric polarization is very small compared to that in conventional ferroelectric materials. We conclude that for TbMnO3 the transient current is induced by a thermal modulation of the ferroelectric polarization. Subsubsection text here.
II. MATERIAL CHARACTERIZATION AND EXPERIMENTS
The TbMnO3 single crystal used in this study was grown using a traveling solvent floating zone method utilizing a four mirror furnace (Crystal System Corp., FZT-10000-H-VI-VP). The crystal structure was characterized by X-ray powder diffraction using a Bruker D8 diffractometer for room temperature measurements and a Huber G670 diffractometer for experiments at low temperatures. The diffraction experiments confirm a single crystalline phase with orthorhombic unit cell having Pbnm space group [13] . The lattice parameters at room temperature are a = 5.29969(9)Å, b = 5.84236(9)Åand c = 7.40147(12)Å.
The magnetization of our sample was measured using a Quantum Design MPMS-7 SQUID magnetometer in an applied magnetic field of 0.5T. To show that our sample is indeed multiferroic, we performed a pyroelectric current experiment. For this we used a Keithley 387 voltage source to pole the sample in a field of 150 V/mm while cooling it below the ferroelectric phase transition at 26 K. After removing the poling voltage, we measured the pyroelectric current using a Keithley 6517A electrometer while heating up the sample. The electric polarization was then determined by integrating the detected pyroelectric current.
Having been assured of the multiferroic nature of the sample, we investigated the ferroelectricity modulation by measuring the transient voltage following laser illumination of the sample. The electronic circuit and sample orientation are schematically depicted in Fig. 1 . For this experiment, two gold pads of 1 mm 2 were deposited on the a-c plane of the sample with 2 mm spacing in the c direction. Platinum wires were used to connect these gold electrodes to the terminals of a chip carrier. The sample was mounted on the cold finger 
III. RESULTS
The magnetic susceptibility ( ) observed along the c axis direction is shown in Fig. 2 . The magnetic susceptibility is dominated by the response of the Tb 3+ sublattice, which shows the typical paramagnetic 1/T dependence and antiferromagnetic ordering below 7 K. The inset of Fig. 2 shows the temperature derivative of the susceptibility to highlight the changes occurring at the temperatures where the Mn sublattice orders. These phase transitions are clearly marked by abrupt changes at 41K and 26K, associated with the occurrence of the sinusoidal AFM and the spiral spin structures, respectively.
The spiral spin transition coincides with the appearance of spontaneous polarization along the c axis, as indicated in Fig.  3 , evidencing the multiferroicity of the sample. It is shown that the polarization sets in at 26 K and reaches a maximum of about 600 C/cm 2 , consistent with earlier reports [7] . This spontaneous polarization is about 1000 times smaller than the polarization observed in PZT [14] . The enhancement observed below 7K, a phenomenon not observed in conventional ferroelectric materials, coincides with the formation of AFM ordering in the Tb sublattice. Supposedly, it is due to the magnetic coupling between the Tb and Mn spins that leads to the observed enhancement of the electric polarization as proposed previously [15] , [16] .
Having presented the results of those initial characterization experiments, we now turn to the photo-induced pyroelec- Fig. 4 shows some typical photo-induced transient voltage curves obtained using the configuration depicted in Fig. 1 for a number of photo-excitation power densities. The curves show a sudden rise of the signal below a certain temperature in the vicinity of the ferroelectric transition temperature. Upon lowering the temperature the voltage rapidly reaches a peak value and thereafter reduces again to a more or less temperature independent level at lower temperatures. The amplitude of the transient voltage is seen to increase with increasing laser power density. The fact that the onset of the initial transient signal is about 2 K below that of ferroelectric transition is due to the reduced thermal contact of the sample mounted in a chip carrier with the cold finger of the cryostat. Apart from that, the onset temperature is also observed to depend on power density. We attribute this latter shift to a temperature rise of the sample due to laser heating (about 3 K at 21 W/cm 2 ). The inset of Fig. 4 shows the similarity between temperature dependent photo-induced transient voltage and a typical result obtained using the heat pulse method. This similarity indicates that the observed transient voltage has its origin in the pyroelectric current produced most likely by thermally modulating ferroelectric polarization.
IV. DISCUSSION
The observed pyroelectric current (I) is induced by the time variation of the ferroelectric polarization (P) [17] :
where A is the electrode area. In static experiments, one keeps the rate of change of temperature constant over a wide temperature range. Hence the electric polarization can be approximated as the integral of current over temperature (T), or alternatively over time (t):
This formula is used to obtain the electric polarization as presented in Fig. 3 .
As discussed above, we interpret the appearance of the observed transient voltage as due to a modulation of the temperature, and hence of the polarization, induced by the modulated laser irradiation. To find the connection between the transient voltage and the temperature modulation we consider a simplified situation where the temperature variation is modeled by a sinusoidal modulation at the frequency of the optical chopper:
where and are the temperature without laser illumination, and the laser induced average temperature rise, respectively. The third term represents the temperature modulation 
Therefore, assuming small modulations such that dP/dT can be taken as constant, the root mean square (rms) transient voltage measured by the lock-in amplifier can be expressed as
where R is the total resistance in the electronic circuit and dP/dT is the derivative of the curve in Fig. 3 .
Though the approximations made above are not always fully justified, in particular the assumption of constant dP/dT at high laser powers, the simplified model does show a fairly good agreement between the temperature dependence of the measured transient voltage and derivative of Fig. 3 (scaled by a constant ), as shown in Fig. 5 .
V. CONCLUSION
We have shown that the ferroelectric nature of the multiferroic complex oxide TbMnO 3 can be studied by means of laser induced pyroelectric current modulation experiments. Even though the electric polarization in this system is very small in comparison to those of conventional ferroelectric systems, the polarization modulation is readily observed in our experiment and is interpreted in terms of a temperature modulation of the ferroelectric polarization on the basis of rms response. It would be interesting to extend this method into the time domain in order to elucidate the dynamical properties of the polarization modulation in multiferroic oxides and their potential in fast switching applications. 
